ABSTRACT By use of the high-resolution spectral data obtained with THEMIS on 2002 September 5, the characteristics of 14 well-observed Ellerman bombs ( EBs) have been analyzed. Our results indicate that 9 of the 14 EBs are located near the longitudinal magnetic polarity inversion lines. Most of the EBs are accompanied by mass motions. The most obvious characteristic of the EB spectra is the two emission bumps at the two wings of both H and Ca ii k8542. For the first time both thermal and nonthermal semiempirical atmospheric models for the conspicuous and faint EBs are computed. In computing the nonthermal models, we assume that the electron beam resulting from magnetic reconnection is produced in the lower chromosphere. The reasons are that it requires much lower energies for the injected particles and that it gives rise to a more profound absorption at the H line center, in agreement with our observations. The common characteristic is the heating in the lower chromosphere and the upper photosphere. The temperature enhancement is about 600-1300 K in the thermal models. If the nonthermal effects are included, then the required temperature increase can be reduced by 100-300 K. These imply that the EBs could probably be produced by the magnetic reconnection in the solar lower atmosphere. The radiative and kinetic energies of the EBs are estimated, and the total energy is found to
INTRODUCTION
As is well known, Ellerman bombs (EBs), or moustaches, are small short-lived bright features observed best in the wings of chromospheric lines and located mostly around sunspots (Engvold & Maltby 1968; Bruzek 1972; Koval 1967; Koval & Severny 1970) . For decades, EBs have been widely observed and studied. The typical size of EBs is of the order of 1 00 , with elongated structures (Dunn & Zirker 1973; Wilson 1981; Zachariadis et al. 1987; Kurokawa et al. 1982; Denker 1997; Dara et al. 1997) . The typical lifetime of EBs is 10-20 minutes (Kurokawa et al. 1982; Nindos & Zirin 1998; Qiu et al. 2000) . Some EBs can repeatedly occur and recur at approximately the same location. The energy of EBs has been estimated to be 10 25 -10 27 ergs (Teske 1971; Bruzek 1972 ), while Georgoulis et al. (2002) gave a higher energy evaluation of EBs of up to 3 ; 10 28 ergs. The most obvious characteristics of EBs' spectra are the broad wings, strong absorption at the center of chromospheric lines, and asymmetric wing emission with higher values in the blue (Severny 1968; Engvold & Maltby 1968; Koval & Severny 1970; Bruzek 1972; Kitai 1983) . Using non-LTE calculations, with nonthermal excitation and ionization included, we have demonstrated that the typical characteristics of H line profiles of EBs could be reproduced if there is an electron beam or a proton beam bombardment in the lower chromosphere, where magnetic reconnection can occur Ding et al. 1998) . Note that Ding et al. (1998) presented another extreme case; i.e., energetic particles injected from the corona could also qualitatively reproduce the line profiles of EBs, but it requires the particles to have much higher energy. All these imply that the heating region of EBs should be in the lower solar atmosphere. However, until now, there were only a few spectral observations with high spatial resolution, which is essential for constructing an accurate atmospheric model of EBs.
Mass motion has been observed at or near the locations of EBs. Kitai (1983) found that half of the EBs they studied had an upward motion with a velocity about 6 km s À1 , while Kurokawa et al. (1982) detected the velocity of EBs to be around 8 km s À1 . Dara et al. (1997) also reported a strong upward motion related to strong EBs. On the other hand, the observations with high spatial resolution given by Georgoulis et al. (2002) indicated that there were also downward photospheric motions with a velocity of 0.1-0.4 km s À1 related to 80% of the EBs they studied. Rust (1968) found that some EBs are related to H surges.
Previous observations revealed the spatial coincidence of EBs with photospheric facular points and granules ( Bruzek 1972; Kitai & Muller 1984; Zachariadis et al. 1987; Dara et al. 1997; Denker 1997 ) and with calcium bright points and white-light faculae (Wilson 1981) . In recent high-cadence observations, Qiu et al. (2000) found that most EBs exhibit a good correlation at the blue wing of the H line and the UV continuum at 1600 8, suggesting a common energy release in the lower chromosphere and around the temperature minimum region.
To explore the nature of EBs, it is important to study the relationship between EBs and magnetic features. It was found that some or most EBs are located near magnetic structures (Roy & Leparskas 1973; Zachariadis et al. 1987; Dara et al. 1997) or related to some moving magnetic structures (Nindos & Zirin 1998) . Qiu et al. (2000) found that more than half of the EBs are located at the boundaries of unipolar magnetic areas and the others at or close to the magnetic polarity inversion lines. Georgoulis et al. (2002) found that EBs can occur on separatrix, or quasi-separatrix, layers in the lower chromosphere. Based on observations, some different models of EBs have been proposed, but most authors believed that magnetic reconnection in the lower solar atmosphere could be a plausible mechanism for triggering EBs Ding et al. 1998; Georgoulis et al. 2002; Fang et al. 2003; Pariat et al. 2004 ). Using two-dimensional quasi-steady modeling, Litvinenko (1999) demonstrated that the magnetic reconnection in the solar lower atmosphere 1 Send offprint requests to C. Fang: fangc@nju.edu.cn.
should be most efficient around the temperature minimum region. Qiu et al. (2000) argued that some EBs are related to magnetic reconnection but that those located at the boundaries of unipolar magnetic areas could be caused by another mechanism. Pariat et al. (2004) proposed that EBs, being a signature of resistive emergence of undulatory flux tubes, are produced by magnetic reconnection at bald patches or along their separatrices in the lower chromosphere. We made a two-dimensional numerical MHD simulation and found that magnetic reconnection in the lower solar atmosphere could explain the main characteristics of EBs, such as temperature enhancement and lifetime (Chen et al. 2001) .
In this paper we use high-resolution spectral data of H, Ca ii k8542, and Fe i k6302.5, which were obtained with the FrenchItalian 90 cm vacuum telescope, THEMIS (Télescope Hélio-graphique pour l'Etude du Magnétisme et des Instabilités Solaires), on 2002 September 5. The characteristics of the 14 well-observed EBs have been analyzed. For three EBs, representing bright, intermediate, and faint events, semiempirical atmospheric models, with or without considering nonthermal excitation and ionization effects, have been computed. The relationship between the EBs and magnetic and velocity fields is also studied. The data features of the THEMIS observations are described in x 2. In x 3 the characteristics of the EBs are analyzed, including the two-dimensional spatial distribution and its relationship with the magnetic and velocity fields. The semiempirical atmospheric models for the three EBs are given in x 4. A general discussion and a conclusion are given in x 5.
SPECTROPOLARIMETRIC OBSERVATIONS OF EBs
On 2002 September 5, a part of the active region AR 10096 (S16 E09 ) was observed from 08:01 to 12:07 UT by the FrenchItalian solar telescope, THEMIS, in the MTR multiline spectropolarimetric mode.
2 In this mode the two beams with orthogonal polarization exiting the analyzer are directed into a single camera. The top part of the camera sequentially received I þ Q, I þ U , I þ V , and I À V , while the bottom part recorded I À Q, I À U , I À V , and I þ V . Three cameras simultaneously recorded the Stokes parameters for H, Ca ii k8542, and Fe i k6302.5.
The active region was scanned several times with 80 steps separated by 1B0 in space. The spatial sampling along the slit is 0B42 pixel À1 . The spectral sampling is 26.1 m8 for H, 36.3 m8 for Ca ii k8542, and 22.4 m8 for Fe i k6302.5. The exposure time is 600 ms for H and Ca ii k8542 and 800 ms for Fe i k6302.5. Seeing conditions are better than 1 00 , but the scanning limited the spatial resolution to about 2 00 for all two-dimensional maps. Dark current and flat-field corrections were performed. The Muller matrix was used to demodulate the Stokes parameters. To remove induced cross talk and improve the seeing smearing, we sum the top and the bottom spectra. To do so, the two spectra are well aligned in the slit direction ( y-direction). By use of the Stokes V profiles of Fe i k6302.5, the longitudinal magnetic field can be derived. However, due to the low signal-to-noise ratio (S/N), the transverse magnetic field cannot be convincingly deduced from the Stokes parameters Q and U. The two-dimensional velocity fields were obtained by using the intensity profiles of the H line. Owing to the fact that all lines were observed simultaneously, the two-dimensional intensity, velocity, and magnetic fields are exactly coaligned.
CHARACTERISTICS OF THE EBs

General Properties
By carefully checking the two-dimensional spectra, we find 14 well-observed EBs during the observations. Table 1 lists some characteristics of the EBs, including the scan time, location, intensity, duration, size, and accompanied mass ejection. In column (3), the coordinates (x, y) of the EBs are given in units of pixels; the interval between two pixels is 0B42, where x is along the scan direction and y along the slit direction. The relationship with the longitudinal magnetic field is also given; the asterisks mark EBs that are near the magnetic polarity inversion lines (less than 6 00 ). According to the excess H peak intensity ÁI (EB intensity with the nearby background intensity subtracted), the EBs are classified as bright, intermediate, or faint (col. [4] ), corresponding to ÁI ! 4, 2:5 ÁI < 4, and Á I < 2:5, respectively, in units of ergs s À1 cm À2 sr À1 8
À1
. The contrast, I c ¼ ÁI/I 0 , for these three classifications of EBs is roughly I c ! 0:2, 0:1 I c < 0:2, and I c < 0:1, respectively. Here I 0 is the background H intensity at the peak wings. The durations are estimated by the scanning steps 
a Location of each EB; x is along the scan direction and y along the slit direction. The interval between two pixels is 0B42. EBs near the magnetic polarity inversion lines (less than 6 00 ) are marked with asterisks.
during which the EB appears and are listed in Table 1 (col. [5] ). Owing to the low cadence of the scanning, the estimated durations of the EBs are probably lower limits. If the EB appears in only one scan, then the duration should be less than the period between the previous and the subsequent scanning, which is the upper limit of the lifetime of the EB. The sizes are estimated by counting the pixels on the spectra along the slit where the EB can still be identified (col.
[6]). It can be seen from Table 1 that the sizes of the EBs are about 1 00 -3 00 , and generally the faint EBs have smaller sizes than the brighter ones. Moreover, more than half of the EBs (9 of 14) are located near the magnetic polarity inversion lines, and most of the EBs (11 of 14) are accompanied by downward and/or upward flows, although some of the ejections are not strong. We discuss this below.
Spectral Characteristics
Figures 1, 2, and 3 show the H and Ca ii k8542 spectral profiles for the bright, intermediate, and faint EBs, respectively. The line intensities of the EBs with those of the quiet-Sun background (EB À Q) and those of the nearby background (EB À N) subtracted are also shown in the figures. It can be seen that most of the EB À Q profiles show excess emission around the line center, while the EB À N profiles exhibit excess emission only at both blue and red wings. This implies that compared to the quiet-Sun region, the chromosphere of the region near the EB is warmer, while the heating is only significant in the lower atmosphere, compared to the nearby region. This is clearly shown in the computed semiempirical atmospheric models in x 4. Moreover, it is noted that the intensities at the blue and red wings are generally asymmetric. However, the blue wing is not necessarily stronger than the red wing. Among the 14 well-observed EBs, three have red wings that are stronger than the blue ones, and for two EBs the two wings have almost the same intensity. The asymmetry may reflect the dynamical processes in the EBs, which is worthy of study in the future.
Locations of the EBs on the Two-dimensional
Magnetic and Velocity Maps Figure 4 gives the locations of the 14 EBs on the twodimensional H images. The crosses indicate the positions of the EBs. Owing to the rotation of the Sun, if we put all EBs from different scans on the same two-dimensional map, then there are small displacements of the EB locations. To keep the precision of the EB locations, we thus give two maps, one for 08:12 UTand the other for 09:47 UT. The rotation-causing displacement of the location for each EB is corrected. The longitudinal magnetic field contours are also drawn in the figure. The contour levels are À800, À300, À50, À5, 4, 40, 200, and 500 G. The green and magenta lines correspond to negative and positive polarities, respectively. Figure 4 clearly shows that at least 9 of the 14 EBs appear close to the magnetic polarity inversion lines. Figure 5 shows the velocity distribution at 08:12 and 09:47 UT, and the values of the Doppler velocity are shown by the color scale. Owing to the rapid change of the velocity field, only the EBs appearing around the given times, i.e., nine EBs (Nos. 1-9) around 08:12 UT and four EBs (Nos. 10-13) at or near 09:47 UT, are shown by crosses in the figure. It can be seen in the figure that the EBs are closely related to mass motions, and some EBs even have both the upward and the downward motions distributed on two sides, with different velocities. This implies that the EBs are accompanied by plasma ejections, which account for the asymmetry in the spectral lines of the EBs, and presents the evidence for magnetic reconnection.
SEMIEMPIRICAL MODELS OF THE EBs
Computations of Semiempirical Atmospheric Models
We now have both H and Ca ii k8542 profiles for the EBs. Thus, the semiempirical atmospheric models can be computed with less ambiguity. The method of the non-LTE computation is similar to that given by Fang et al. (1993) . That is, a four-level plus continuum and a five-level plus continuum atomic model for hydrogen and calcium were used, respectively. The statistical equilibrium equation and the transfer equation, coupled with the hydrostatic equilibrium and the particle conservation equations, were solved iteratively. To ensure sufficient convergence, more than 12,000 iterations were taken, and the relative difference of the mean intensity between the last two iterations is within 10 À5 and 10 À8 for hydrogen and calcium, respectively.
First, the thermal semiempirical models for the three EBs are computed, which can reproduce both the observed H and Ca ii k8542 profiles. Figures 6, 7, and 8 give the thermal semiempirical atmospheric models and both the observed and computed line profiles of the three EBs. For comparison, the temperature distributions for the semiempirical plage model ( P) given by Fang et al. (2001) and for the quiet-Sun model ( VALC) given by Vernazza et al. (1981) are also shown in these figures. It can be seen from Figures 6-8 that a common characteristic of the thermal models is the obvious heating in the lower chromosphere and the upper photosphere. The temperature enhancement is about 600-1300 K, which is larger for the brighter EBs.
However, since magnetic reconnection is probably the mechanism for at least a quite large part of the EBs, energetic particles should be produced during the reconnection. Considering that the electron beam bombardment is more effective than the proton beam, as indicated by Fang et al. (1993) and Hénoux et al. (1995) , we also compute the nonthermal semiempirical models with the excitation and ionization via electron beam bombardment included, assuming that the reconnection site is in the lower chromosphere. The reasons are as follows: (1) as indicated by Ding et al. (1998) , it requires much lower energies for the injected particles; (2) as demonstrated by Hénoux et al. (1998) and Ding et al. (1998) , it gives rise to a more profound absorption at the H line center, in agreement with observations; and (3) as indicated in x 3 and shown in Figures 1-3 , the EB À N H and Ca ii k8542 profiles exhibit excess emission only at both blue and red wings. This implies that the heating resulting from magnetic reconnection is significant only in the lower chromosphere. According to the magnetic reconnection scenario, during magnetic reconnection counteroriented electron beams can be ejected from the reconnection site (see, e.g., Aschwanden & Benz 1997) , so in our computation both upward and downward bombardments are considered.
Following the theory given by Fang et al. (1993) and Hénoux et al. (1995) , to a good approximation, for an electron beam bombardment, the nonthermal collisional excitation and ionization rates of hydrogen from its ground level 1 to the higher levels 2-4 and the continuum c can be taken as 
where n 1 is the ground level population and dE H /dt is the rate of energy deposit due to the excitation and ionization of hydrogen by an electron beam. The excitation and ionization from the higher levels are negligible. Neglecting return current effects in a dense atmosphere, the energy deposit rate is given by Emslie (1978) and Chambe & Hénoux (1979) as
where x is the degree of ionization. The particle flux is supposed to be proportional to E À , with a low cutoff energy E 1 , and F 1 is the total energy input flux above E 1 . The meanings of other physical quantities can be found in the related references.
By including the nonthermal collisional excitation and ionization rates in the statistic equation, coupled with the transfer equation, the hydrostatic equilibrium, and the particle conservation equations, we can solve them iteratively. Assuming the electron beam flux and the power index, we can then compute the nonthermal semiempirical models. The nonthermal semiempirical model for the bright EB (No. 11) and the corresponding theoretical line profiles are given in Figure 9 . In this case we take the electron beam flux F 1 ¼ 8 ; 10 9 ergs cm À2 s À1 and the power index ¼ 4. Figure 10 gives the case for the intermediate EB (No. 9), taking F 1 ¼ 5 ; 10 9 ergs cm À2 s À1 and ¼ 5. In both cases we take the low cutoff energy E 1 ¼ 20 keV. From Figures 6-10 it can be seen that both the thermal and nonthermal theoretical line profiles can match the observed ones well. The common characteristic of both types of atmospheric models for all three EBs is a region with high temperature situated in the lower chromosphere and the upper photosphere, i.e., around the temperature minimum region. The temperature enhancement compared to the quiet-Sun VALC model is about 600-1300 K. This gives additional evidence that our assumption that the reconnection site is in the lower chromosphere is reasonable. Besides, there is also obvious temperature increase in the chromosphere. The chromospheric temperature of the EBs is comparable to that of the plage model and is higher than that of the quiet-Sun model from several hundreds to about a thousand kelvins. However, for the case with nonthermal effects included, the required temperature enhancement is reduced by 100-300 K.
The computed thermal and nonthermal semiempirical atmospheric models of the bright EB (No. 11) are given in Tables 2  and 3 
Energetics of the EBs
By using the semiempirical atmospheric models of the EBs, the radiative energy can be estimated as follows: considering that the main heating regions are in the lower chromosphere and the upper photosphere, we used radiative losses to evaluate the radiative energy E r :
where D is the lifetime of the EB. The heating duration is assumed to be D/2. As we do not know the exact duration of the faint EB (No. 13), we just take it to be 10 minutes. The area of the EB, S EB , can be evaluated by the EB size listed in Table 1 . In equation (4) h 1 and h 2 are the lower and the upper heights of the EB heating atmospheric region, respectively, and R is the non-LTE radiative losses in units of ergs per cubic centimeter per second, which was computed with the semiempirical formula Fang et al. (2001) and for the quiet-Sun model ( VALC; dotted line) given by Vernazza et al. (1981) . The computed line profiles (solid lines) vs. the observed ones (dotted lines) for H (middle) and Ca ii k8542 (bottom) are also shown. A Gaussian macroturbulence velocity of 6 km s À1 is adopted to convolve the computed line profiles. given by Gan & Fang (1990) , who modified the radiative loss function in Nagai (1980) to be as follows:
where :
The net radiative energy of the EB can be evaluated by
where E Q ¼ D/2 ð ÞS EB R R Q dh is the total radiative losses of the quiet-Sun atmospheric model VALC. We take R R Q dh ¼ 4:6 ; 10 6 ergs cm À2 s À1 from Vernazza et al. (1981) . In fact, our results indicate that E Q is about 1 or 2 orders of magnitude smaller than E r .
By use of the line-of-sight velocity measurement near the EBs, the lower limit of the kinetic energy can also be estimated as
where n H is the hydrogen density in the heating region of the EB and f is the fraction of the mass that is involved in motion. We assume f ¼ 0:1. The reasons are as follows: (1) the postreconnection flows refer mainly to a pair of counteroriented plasmoids (see, e.g., Shibata 1999); and (2) in our observations mass motions are seen near, but not exactly at, the locations of the EBs, as indicated in x 3.3. Thus, it seems that the heated plasma could not be fully ejected during the magnetic reconnection. The coefficient 1.4 comes from the consideration of helium and other elements on the Sun and corresponds to the mean density of the Sun (see Cox 1999) ; h 3 and h 4 are the lower and the upper heights of the EB heating area around the temperature minimum region, respectively, which are determined by using the semiempirical model of the EB. Due to the rapid decrease of the hydrogen density with height, the contribution of the higher layers is small. The measured line-of-sight velocity v k is about 2.2, 1, and 0.5 km s À1 for the bright (No. 11), intermediate (No. 9) , and faint EBs (No. 13), respectively.
By use of formulae (6) and (7), the energies of the three typical EBs can be estimated, which are listed in Table 4 . It can be seen that the total energy of the EBs is about 10 26 to 5 ; 10 27 ergs and that the energy of the brighter EB is larger than that of the fainter EB.
DISCUSSION AND CONCLUSION
By using THEMIS spectropolarimetric data, we have obtained the spectra of H, Ca ii k8542, and Fe i k6302 for 14 wellobserved EBs. These spectral data are obtained simultaneously and have a high spatial resolution, which allows us to deduce the characteristics of the EBs.
The most obvious property of the EB spectra is the emission at the two wings of both H and Ca ii k8542. It can be seen mainly in the excess profiles, i.e., the EB profiles with the nearby non-EB profiles subtracted, as shown in Figures 1-3 . This implies that the heating of the EB atmosphere occurs mainly in the lower chromosphere and the upper photosphere. Moreover, the EB profiles are generally asymmetric: the excess intensity at the blue wing is not the same as that at the red wing. Our observations indicate that the intensity at the blue wing is not always stronger than that at the red wing. In some EBs, the situation is the opposite. All these properties are related to the dynamical process of the EBs and worth studying further. It is shown that more than half of the EBs are located near the longitudinal magnetic polarity inversion lines (within 6 00 ) and that most of the EBs are accompanied by mass motions (from 0.5 to several kilometers per second). These facts imply that EBs are probably caused by magnetic reconnection in the lower solar atmosphere (e.g., Hénoux et al. 1998; Ding et al. 1998 ). There are some EBs, 5 of 14, that are located in unipolar regions, consistent with the results given by Qiu et al. (2000) and Georgoulis et al. (2002) . However, this cannot rule out the possibility of magnetic reconnection because in the quasi-separatrix layers, where the magnetic reconnection can occur (see Priest & Forbes 2000 and references therein), the line-of-sight component of the magnetic field can be unipolar.
Using non-LTE theory, we computed thermal semiempirical models for the three bright, intermediate, and faint EBs. By including the nonthermal effects, the nonthermal semiempirical models are also obtained. Our results indicate that the required extra heating in the lower atmosphere, i.e., around the temperature minimum region, is about 600-1300 K, as clearly shown in Figures 6-8. It can account for the main spectral features of EBs and explain the coincidence of the H and 1600 8 images of EBs well (Qiu et al. 2000) . However, the temperature enhancement in our models is smaller than the values given by some other authors. For instance, Kitai (1983) gave a temperature enhancement of about 1500 K with a density enhancement of 5 times, while Georgoulis et al. (2002) gave a value of 2000 K. Moreover, if the nonthermal effects are included, the required extra heating can be reduced further.
The semiempirical models and the measured line-of-sight velocities near the EBs can be used to estimate both the radiative and the kinetic energies. Our results indicate that the total energy is about 10 26 to 5 ; 10 27 ergs and that the energy of the brighter EBs is larger than that of the fainter EBs.
It seems that EBs share many similarities with solar flares in many properties, such as the magnetic environment, the dynamic features, and so on. Considering their energy range estimated above and the possible mechanism of magnetic reconnection, we tentatively suggest here that EBs could be called ''submicroflares.'' As a summary, we give the conclusions as follows:
1. The most obvious characteristic of the EB spectra is the two excess emission bumps at the two wings of both H and Ca ii k8542. The excess intensity is asymmetric. For some EBs the excess intensity at the red wing is equal to or even larger than that at the blue wing, although for most of the EBs the emission at the blue wing is stronger than that at the red wing.
2. More than half of the EBs are located near the longitudinal polarity magnetic inversion lines, although there are some EBs located in unipolar regions. Most of the EBs are accompanied by mass motions. These imply that EBs are probably produced by the magnetic reconnection in the solar lower chromosphere and upper photosphere.
3. For the first time both thermal and nonthermal semiempirical atmospheric models for bright, intermediate, and faint EBs have been given. The common characteristic is the heating in the lower solar atmosphere. The temperature enhancement is about 600-1300 K. If the nonthermal effects are included, the required temperature increase can be reduced.
4. The radiative and kinetic energies for three conspicuous and faint EBs have been estimated. The results indicate that the total energy of the EBs is 10 26 to 5 ; 10 27 ergs, and the energy of the brighter EBs is larger than that of the fainter EBs.
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